The serotonin (5-HT) system in the brain has been studied more than any other neurotransmitter for its role in the neurobiological basis of aggression. However, which mechanisms modulate the 5-HT system to promote escalated aggression is not clear. We here explore the role of GABAergic modulation in the raphé nuclei, from which most 5-HT in the forebrain originates, on escalated aggression in male mice. Pharmacological activation of GABA B , but not GABA A , receptors in the dorsal raphé nucleus ( 
Introduction
Aggressive behavior is phylogenetically conserved, typically enhancing an individual's survival and reproductive success. However, excessive levels of aggression become maladaptive . Escalated aggression has been an enormous problem in public health as highlighted by 2.3 million violence-related injury visits to emergency departments annually in the United States (Pan American Health Organization, 2007) .
Serotonin (5-HT) is one of the major neurotransmitters that has been linked to escalated aggression in species ranging from invertebrates to humans (Miczek et al., 2004; Olivier, 2004; de Boer and Koolhaas, 2005; Coccaro et al., 1997) . 5-HT in the mammalian CNS derives mainly from the midbrain raphé nuclei. Especially, the dorsal raphé nucleus (DRN) contains the largest accumulation of 5-HT neuronal cell bodies (Dahlström and Fuxe, 1964) , which project to several targets, including the limbic structures and cortex (Azmitia and Segal, 1978; Michelsen et al., 2007) . Lesions, pharmacological manipulations, and electrophysiological recordings link the DRN to aggressive and defensive behaviors in rodents, cats, and tree shrews (Jacobs and Cohen, 1976; Vergnes et al., 1986; Koprowska and Romaniuk, 1997; Sijbesma et al., 1991; Bannai et al., 2007; Faccidomo et al., 2008; van der Vegt et al., 2003; Mos et al., 1993; Walletschek and Raab, 1982) . The DRN-5-HT system is modulated by other amines, acids, peptides, and steroids (Adell et al., 2002) , but the nature of the neural systems modulating 5-HT neuronal activity to promote escalated aggression has not yet been determined.
Many GABA interneurons and distal GABAergic afferents can be found in the DRN (Nanopoulos et al., 1982; Belin et al., 1983; Gervasoni et al., 2000; Wang et al., 1992) , and both GABA A and GABA B receptors are expressed in the DRN (Bowery et al., 1987) . Activation of both the GABA A and GABA B receptors inhibits 5-HT cell firing (Innis and Aghajanian, 1987; Gallager and Aghajanian, 1976; Judge et al., 2004; Colmers and Williams, 1988) . In vivo microdialysis studies have shown, however, that the GABA A and GABA B receptors in the DRN differentially modulate 5-HT release depending on the projection sites (Tao et al., 1996) . GABA B receptor agonist microinjection in the DRN can induce either increases or decreases of 5-HT neuronal activity (Tao et al., 1996; Abellán et al., 2000) . Therefore, 5-HT neurons in the DRN are differentially modulated by GABA A and GABA B receptors.
Here, we examine the GABAergic modulation of the DRN underlying escalated aggression. We demonstrate that the pharmacological activation by GABA B receptors, but not GABA A receptors, in the DRN, but not median raphé nucleus (MRN), escalates aggressive behaviors in male mice. Our data suggest that presynaptic GABA B receptors on non-5-HT neurons are responsible for the escalation of aggressive behaviors. The prefrontal cortex (PFC), one of the projection sites of DRN 5-HT neurons, has been implicated in impulsive aggression (Davidson et al., 2000) , and we found that GABA B receptor activation in the DRN increased 5-HT release in the medial PFC (mPFC). Our results provide evidence that the GABA B receptor modulation in the DRN is one of the neurobiological mechanisms underlying escalated aggression in mice.
Materials and Methods
Mice. Male CFW mice (Charles River Laboratories), weighing 21-23 g on arrival, were housed in pairs with females in a clear polycarbonate cage (28 ϫ 17 ϫ 14 cm) with pine shavings as bedding material. Additional males used as intruders were housed in groups of 7-10 per cage (48 ϫ 26 ϫ 14 cm) with corncob bedding. All animals were maintained in our vivarium with controlled humidity and temperature (35-40%, 21 Ϯ 1°C) on a reversed 12 h light/dark cycle (lights off at 7:00 AM) with water and food (Purina) available ad libitum. All procedures were approved by the Institutional Animal Care and Use Committee of Tufts University. For the antagonist experiment, mice of the ICR strain (CLEA Japan), weighing 21-23 g on arrival, were tested in the National Institute of Genetics (Mishima, Japan). The animals were cared for according to the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) .
Resident-intruder test training. After being housed with a female for 3 weeks, the resident males were studied for their aggression toward the same intruder (Miczek and O'Donnell, 1978) . Immediately after the female and pups were removed, an intruder was introduced into the home cage of the resident male. Their behaviors were recorded for 5 min after the first attack bite, or the intruder was removed after 5 min if no attack occurred. This encounter occurred once every other day until animals showed a stable number of attack bites, and stability was reached within 7-16 encounters [coefficient of variation (/) in the last three confrontations reached Ͻ0.2 for each animal]. All behavioral tests were performed in the dark period (11:00 A.M. to 2:00 P.M., in the reversed light/dark cycle).
Surgery and cannulation. Once aggressive behavior had stabilized, residents were anesthetized by intraperitoneal injection of a mixture of 100 mg/kg ketamine HCl and 10 mg/kg xylazine and stereotaxically implanted with a 26 gauge guide cannula (Plastics One) aimed 2 mm above the DRN [anteroposterior (AP), Ϫ4.2 mm; mediolateral (ML), Ϯ1.5 mm; dorsoventral (DV), Ϫ1.9 mm to bregma; angled 26°to the vertical] or MRN (AP, Ϫ4.2 mm; ML, Ϯ1.2 mm; DV, Ϫ3.0 mm to bregma; angled 14°to the vertical) as calculated from a mouse brain atlas (Paxinos and Franklin, 2001) . A 33 gauge obdurator (Plastics One) that extended 0.5 mm beneath the guide cannula tip was inserted after surgery. The obdurator was moved daily to prevent blockage and scarring and also to habituate the animals to handling. After surgery, animals were housed individually for 5 d to recover and then pair housed with the same female. To prevent gnawing by the female, the obdurator and head mount were covered with a quinine preparation (Bite it). One week after surgery, residents were assessed for fighting at least three times before starting the microinjection experiment. Most of the animals showed similar levels of aggressive behavior after the cannulation surgery. Animals that stopped fighting after the surgery were excluded from the microinjection test (Table 1) .
Microinjection and aggression test. The obdurator was removed, and a 33 gauge microinjector (Plastics One) attached to polyethylene tubing (Intramedic PE-50) was inserted into the guide cannula. The microinjector extended 2 mm below the end of the guide to reach the DRN or MRN. The other end of the tubing was connected to a 1 l Hamilton syringe placed into an infusion pump (CMA Microdialysis). The drug was infused in a volume of 0.2 l over 2 min, and the microinjector was left in place for 1 min after the infusion to allow the drug to diffuse completely. Ten minutes after the microinjection, an intruder male was introduced and aggressive behaviors were recorded for 5 min after the first attack bites. A resident male received a total of four to six microinjections, including two vehicle injections, in an irregular order. The drugs, doses, and number of animals for each experiment are summarized in Table 1 .
Histology. At the end of the experiment, mice were deeply anesthetized (ketamine and xylazine mixture) and intracardially perfused with 0.9% saline, followed by 4% paraformaldehyde (PFA) in PBS. After postfixation in 4% PFA for at least 24 h, brains were placed into 15% sucrose solution. A freezing microtome was used to slice the brains into 60 m sections, which were stained with cresyl violet to verify the placements of the cannula and microdialysis probe. The injection site for each animal is depicted in Figure 1 and supplemental Figures S1 and S2 (available at www.jneurosci.org as supplemental material).
Drugs.
, and -conotoxin GVIA (GVIA) were purchased from Sigma-Aldrich. CGP54626 ([S-(R*,R*)]- [3-[[1-(3,4-dichlorophenyl) ethyl]amino]-2-hydroxypropyl] (cyclohexylmethyl) phosphinic acid) was obtained from Tocris Bioscience. All drugs were dissolved in 0.9% saline except 8-OH-DPAT and -conotoxin GVIA, which were dissolved in artificial CSF.
Extracellular 5-HT measurement in the mPFC. Nine male mice were housed in pairs with a female for 3 weeks before the microdialysis experiment. Males were implanted with a CMA/7 guide cannula (CMA Microdialysis) aimed 2 mm above the mPFC (AP, Ϯ2.6 mm; ML, Ϫ0.3 mm; DV, Ϫ0.8 mm to bregma) and a 26 gauge guide cannula (Plastics One) aimed 2 mm above the DRN (AP, Ϫ4.2 mm; ML, Ϯ1.5 mm; DV, Ϫ1.9 mm to bregma; angled 26°to the vertical). After 1 week of recovery with handling, a CMA/7 probe of 2 mm active membrane was inserted into the mPFC under isoflurane inhalation anesthesia. The probe was infused overnight with artificial CSF at a flow rate of 0.5 l/min using an infusion Animals were excluded from this study because they died after surgery (15), stopped fighting after surgery (7), or could not complete all injections as a result of guide cannula problems (7). In the MRN, three animals continued the turning behavior 1 d after the muscimol injection.
pump (CMA Microdialysis). On the following morning, the flow rate was increased to 1.5 l/min, and a sample was collected every 20 min after 1 h stabilization. A total of 7.5 l of stabilizing agent consisting of 20 mM phosphate buffer including 25 mM EDTA and 0.5 mM ascorbic acid was added to each vial to prevent aliquot degradation. The animals were housed in their home cage during the sample collection without water and food. Five samples were collected to measure the baseline level of 5-HT in the mPFC. Then, a microinjector was inserted and saline was microinfused into the DRN in a volume of 0.2 l over 2 min. Ten minutes after the saline injection, three additional samples were collected. One hour after the saline injection, a microinjector was reinserted, and the animal received 0.06 nmol of baclofen into the DRN. Six samples were collected 10 min after the baclofen injection. The changes in 5-HT concentrations were expressed as the percentage change from the average baseline samples for each individual.
Microdialysates were measured using an HPLC system equipped with an electrochemical detector. 5-HT was determined using a cationexchange column (1.5 ϫ 250 mm, 5 m inner diameter; Shiseido) with column temperature set at 30°C. The mobile phase consisted of 150 mM ammonium acetate, 50 mM citric acid, 27 M EDTA, 10% methanol, and 1% acetonitrile with pH adjusted to 4.6, at a rate of 0.2 ml/min. The concentrations of 5-HT levels were determined by using standard curves by adding known amount of 5-HT in each vial in the range of 2.1-17 fmol. Under this condition, the correlation coefficient for the standard solutions exceeded 0.99. The limit of detection for 5-HT was 0.11 fmol.
Statistics. Detailed behavior analysis from videotapes of resident-intruder encounters was performed by a trained observer using the Observer software (Observer XT 8.0; Noldus) to quantify aggressive behaviors (attack bites, sideways threats, pursuit, and tail rattles) and non-aggressive behaviors (walking, rearing, auto-grooming, and contacts) (Grant and Mackintosh, 1963; Miczek and O'Donnell, 1978) . Frequencies were assessed for attack bites and sideways threats because these are point events, whereas duration was used for the other behaviors. Repeated-measures oneway ANOVA was performed to examine the effect of the drug treatment on aggressive behaviors and non-aggressive behaviors. In case of significant F values, post hoc HolmSidak tests were conducted to determine which doses of the drug differed significantly from vehicle (␣ ϭ 0.05). For the antagonism experiment and 8-OH-DPAT experiment, we performed Holm-Sidak tests on all pairs to determine the effect of drug compared with vehicle and baclofen (␣ ϭ 0.05). In the microdialysis analysis, repeated-measures one-way ANOVA was performed for 14 data points (five baseline samples, three samples after the saline microinfusion, and six samples after the baclofen microinfusion). If the F value was significant, Holm-Sidak test was conducted to compare baseline with each subsequent sample (three samples after the saline and six samples after the baclofen microinfusion).
Results

Activation of DRN GABA B receptors escalates intermale aggression in mice GABAergic modulation is involved in escalated aggression
Local administration of GABA A receptor agonist muscimol and GABA B receptor agonist baclofen mixture (bac-mus) has been used for the reversible inactivation of target brain areas (McFarland and Kalivas, 2001) , and thus we used this method to examine the effect of overall GABAergic modulation in the DRN on aggressive behaviors. The ratio of bac-mus mixture (10:1) was based on previous studies (McFarland and Kalivas, 2001) , and the doses used in this study (0.06 and 0.006 nmol of baclofen and muscimol, respectively) were based on a pilot study. Intra-DRN administration of bac-mus mixture significantly escalated the frequency of attack bites (F (1,11) ϭ 17.62, p Ͻ 0.001) and sideways threats (F (1,11) ϭ 8.66, p ϭ 0.013) but did not have any effect on non-aggressive behaviors (Table 2) . Therefore, GABAergic receptor stimulation of the DRN selectively escalated aggressive behaviors.
Baclofen, but not muscimol, in the DRN escalates aggressive behaviors
We next investigated which type of GABA receptor in the DRN was responsible for this aggression-heightening effect. Animals received microinjections of either muscimol or baclofen separately into the DRN. Baclofen significantly increased attack bites and sideways threats compared with vehicle ( Fig. 1 D) . In contrast, muscimol significantly reduced tail rattles but did not change attack bites or sideways threat (Table 3 ). There were sig- , and post hoc analysis showed that baclofen increased walking compared with vehicle. We also examined the lower dose of muscimol (0.006 nmol) used for bac-mus mixture, but there was no effect of muscimol on any behaviors (data not shown).
Anatomical specificity: median raphé nucleus
The MRN also supplies 5-HT to the forebrain areas and has significant influence on 5-HT-related behaviors (Li et al., 2005; Adell et al., 2002) . For an anatomical comparison, we investigated the effect of muscimol and baclofen into the MRN on aggressive behaviors. Neither muscimol nor baclofen had any effect on attack bites when infused into the MRN (Fig. 1 E) . A significant main effect of drug was observed on tail rattles (F (2,18) ϭ 3.86, p ϭ 0.04), and baclofen reduced tail rattling compared with vehicle (Table 3) . Also, we found a significant increase in walking behavior after intra-MRN muscimol but not baclofen (F (2,18) ϭ 5.59, p ϭ 0.013). We noticed that, in some animals, muscimol induced stereotypic-like turning behaviors toward the contralateral direction from cannula insertion and therefore induced hyperactivity. During the histological verification of the cannula placement, we found that a total of two animals of all groups received their baclofen injection into the aqueduct. There was a slight but not significant increase of attack bites between vehicle (30.5 Ϯ 4.5) and 0.06 nmol baclofen (33.5 Ϯ 6.5) when the drug was microinjected into the aqueduct. Six animals that received the 0.06 nmol baclofen injection into regions outside of the DRN (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) were combined, and there was no change in the frequency of attack bites after the baclofen injection (20.0 Ϯ 4.2) compared with vehicle (25.3 Ϯ 4.7).
Bidirectional effect of GABA B receptor activation on aggressive behaviors
Intra-DRN baclofen (0.01, 0.06, and 0.1 nmol) resulted in an inverse U-shaped dose effect on aggressive behaviors. Baclofen at 0.06 nmol caused a significant increase in attack bites and sideways threats, whereas lower (0.01 nmol) or higher (0.1 nmol) doses of baclofen did not differ from vehicle ( Fig. 2A, Table 4 ). Significant main effects of drug were observed on the frequency of attack bites (F (3,33) ϭ 5.33, p ϭ 0.004), sideways threats (F (3,33) ϭ 4.81, p ϭ 0.007), and the duration of tail rattling (F (3,33) ϭ 5.16, p ϭ 0.005). The reduction of aggressive behaviors at the highest dose of baclofen was not attributable to sedation or motor incoordination; there was no significant effect of baclofen on nonaggressive behaviors (Fig. 2 B, Table 4 ).
GABA B receptor antagonists blocked the aggression-heightening effect of baclofen
The escalated aggression induced by intra-DRN microinjection of a moderate dose of baclofen (0.06 nmol) was antagonized by coadministration of GABA B receptor antagonists CGP54626 or phaclofen (Fig. 3) . The doses of antagonists were based on a pilot study (phaclofen) and by referring to previous studies using cultured cells (CGP54626) (White et al. 2000) . Again, baclofen itself significantly increased attack bites compared with vehicle in both groups. Coadministration of either CGP54626 or phaclofen with baclofen dose dependently blocked baclofen-heightened aggression, and all doses of CGP54626 (0.06 and 0.6 pmol) and the highest dose of phaclofen (0.3 nmol) significantly reduced attack bites to the same level as control (Fig. 3) . Repeated-measures ANOVA indicated a significant effect of drug on attack bites for both CGP54626 (F (3,24) ϭ 6.17, p ϭ 0.003) and phaclofen (F (3,24) ϭ 6.13, p ϭ 0.003). No significant effect of drug was observed for the other behaviors (Table 5 ).
The effect of the antagonist by itself on species-typical aggression was examined using CGP54626 (0.6 and 6 pmol). Again, we confirmed the effect of 0.06 nmol baclofen in ICR mouse strains (supplemental Table 1 , available at www.jneurosci.org as supplemental material). We found a slight reduction of attack bites after the highest dose of CGP54626 compared with control, but the effect was not statistically significant. There was no significant effect of CGP54626 on any behavior except contact duration. Repeated-measures ANOVA indicated a significant effect of drug on attack bites (F (3,27) ϭ 7.09, p ϭ 0.001), sideways threat (F (3,27) ϭ 3.95, p ϭ 0.019), pursuit (F (3,27) ϭ 3.142, p ϭ 0.042) caused by the effect of baclofen, and contact (F (3,27) ϭ 5.162, p ϭ 0.006). A pilot study had shown that phaclofen by itself (0.3 nmol) also did not change any of the aggressive behaviors (data not shown). Therefore, the blockade of the GABA B receptor in the DRN did not change the species-typical aggressive behaviors.
The role of the presynaptic N-type Ca 2؉ channel in baclofen-heightened aggression Intra-DRN -conotoxin GVIA escalates aggressive behaviors Presynaptic GABA B receptors have a higher sensitivity to low doses of baclofen than the postsynaptic GABA B receptors in several brain areas, including the DRN (Cruz et al., 2004; Howe et al., 1987; Abellán et al., 2000; Davies et al., 1990) . The inverse U-shaped dose-effect curve for baclofen suggested that the presynaptic rather than postsynaptic GABA B receptors may be the target of baclofen-escalated aggressive behaviors. Therefore, we examined the possible involvement of presynaptic GABA B receptors. Presynaptic GABA B receptors inhibit neurotransmitter release by suppressing Ca 2ϩ currents via voltage-gated Ca 2ϩ channels (Kamatchi and Ticku, 1990; Couve et al., 2000) . One subtype of Ca 2ϩ channels, the N-type Ca 2ϩ channel, is localized exclusively on presynaptic terminals in cultured cerebral cortex neurons (Timmermann et al., 2002) . To examine the involvement of N-type Ca 2ϩ channels in the DRN on aggressive behaviors, the N-type Ca 2ϩ channel blocker GVIA was microinjected into the DRN. The higher dose of GVIA was chosen based on the previous study by Kim et al. (2009) , showing that 3 pmol of GVIA increased isolation-induced aggression in C57BL/6J mice. We found that GVIA had effects that varied across individual animals: some animals showed strong sedation, whereas some animals showed escalated aggression. Histological analysis showed that animals with a placement inside the aqueduct (n ϭ 1) or with placements in the dorsal area of DRN with injector breaking through the aqueduct (n ϭ 3), with possibility of GVIA leakage into aqueduct, all showed sedation (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Thus, we separated the data from the aqueduct group (n ϭ 4) from those of the DRN group (n ϭ 11) for statistical analysis. An inverse U-shaped dose-effect curve was observed in the DRN group, and a significant increase in attack bites was observed after microinjection of 0.3 pmol of GVIA compared with vehicle (Fig. 4 A) . A significant main effect of drug was observed on attack bites (F (3,30) ϭ 5.81, p ϭ 0.003), sideways threats (F (3,30) ϭ 3.34, p ϭ 0.032), and pursuit (F (3,30) ϭ 3.60, p ϭ 0.025). In contrast, in the aqueduct group, significant dose-dependent decreases in aggressive behaviors (F (3,9) Ն 4.28, p Յ 0.039) and non-aggressive behaviors (F (3,9) Ն 4.61, p Յ 0.032) were observed (Fig. 4 A, Table  6 ). Therefore, it is possible that the reduction of fighting at the highest dose of intra-DRN GVIA is attributable to the effect of the drug after diffusion into the aqueduct.
Interaction between GABA B and N-type Ca
2ϩ channels To examine the interaction between N-type Ca 2ϩ channels and GABA B receptors, we coadministered a low dose of GVIA (0.1 pmol) with a low dose of baclofen (0.01 nmol), which did not induce a significant effect on attack bites by itself (Figs. 2, 4A) , into the DRN. We found that coadministration of baclofen and GVIA significantly increased attack bites compared with vehicle ( Fig. 4B ; Table 7 , left). Baclofen itself also tended to increase aggressive behaviors, but this effect was not statistically significant. A significant main effect of drug was detected on the measure of attack bites (F (3,36) ϭ 6.40, p Ͻ 0.001). Together, there may be a functional interaction between GABA B receptor activation and N-type Ca 2ϩ channel underlying the baclofen-induced escalated aggression.
Indirect modulations of DRN 5-HT neurons by GABA B receptors
Intact 5-HT neuronal activity is required for baclofen to promote escalated aggression 5-HT 1A receptors are mainly localized on the somata and dendrites of 5-HT neurons and inhibit serotonergic activity (Kia et al., 1996; Miquel et al., 1992; Will et al., 2004) . The 5-HT 1A receptor agonist DPAT acts on the autoreceptors on 5-HT neurons and selectively inhibits 5-HT neurons Bonvento et al., 1992; Sprouse and Aghajanian, 1987) . Therefore, intra-raphé DPAT injection has been used for pharmacological inhibition of 5-HT neurons within the DRN . In this study, we examined how inhibition of 5-HT impulse flow affects baclofen-heightened aggression by coadministering DPAT with baclofen. We used a low dose of DPAT (0.9 nmol) that does not produce any motor effect when it is microinjected into the DRN of mice but inhibits alcohol-heightened aggression (I. M. Quadros, L. S. Hwa, J. F. DeBold, and K. A. Miczek, unpublished observation). Baclofen significantly increased attack bites, and coadministration of DPAT and baclofen significantly reduced attack bites compared with baclofen treatment (Fig. 5 ; Table 7 , right). Injection of DPAT (0.9 nmol) alone reduced attack bites slightly but not significantly. Repeated-measures ANOVA indicated a significant effect of drug on attack bites (F (3,42) ϭ 16.09, p Ͻ 0.001) and pursuit (F (3,42) ϭ 4.20, p ϭ 0.011). Therefore, transient inactivation of 5-HT neurons by DPAT disrupted the effect of baclofen. This result suggests that intact impulse flow in 5-HT neurons is necessary for baclofen to induce escalated aggressive behaviors.
Modulation of prefrontal 5-HT release by intra-DRN baclofen
To examine the effect of an aggression-heightening dose of baclofen (0.06 nmol) on 5-HT neuronal activities in vivo, we measured the extracellular 5-HT concentrations in one of the projection areas of the DRN, the mPFC, by microdialysis. A probe was inserted in the mPFC of mice in addition to a guide cannula aimed at the DRN. We found that the microinjection of baclofen (0.06 nmol) into the DRN increased the extracellular 5-HT in the mPFC (Fig. 6 A) . The elevated 5-HT level gradually recovered and returned to baseline after 90 min. A significant increase of 5-HT was observed in the first sample (10 -30 min) after the intra-DRN baclofen microinjection compared with baseline (one-way repeated measures ANOVA; F (13, 64) ϭ 2.63, p ϭ 0.005). In contrast, no change of 5-HT level was observed after the saline injection.
To examine the relationship of this temporal change of mPFC 5-HT with behavioral manifestations, we examined the aggressive behaviors at various intervals after intra-DRN baclofen treatment. Aggressive behaviors were assessed only one time per day at different intervals (10, 40, and 100 min) after either baclofen (0.06 nmol) or saline injection into the DRN. We found that the animals showed significantly higher frequencies of attack bites at 10 and 40 min after baclofen injection compared with the corresponding saline treatment (Fig. 6C) . This result shows that the effect of baclofen is long lasting, and the animals showed esca- 63.6 Ϯ 7.7 73.6 Ϯ 9.4 67.2 Ϯ 7.4 68.1 Ϯ 10.9 53.9 Ϯ 2.6 60.8 Ϯ 7.5 62.6 Ϯ 9.1 69.5 Ϯ 4.9 Contact (s) 4.2 Ϯ 1.9 8.9 Ϯ 3.1 8.8 Ϯ 3.1 5.2 Ϯ 3.0 4.1 Ϯ 0.9 4.3 Ϯ 1.5 5.4 Ϯ 3.1 7.8 Ϯ 2.9
Frequencies of attack bites and sideways threats and durations of tail rattle, pursuit, and non- lated aggressive behaviors when baclofen enhanced 5-HT levels in the mPFC.
Discussion
GABA B , but not GABA A , receptor modulation in the DRN escalated aggression
The current results highlight differential modulation between GABA A and GABA B receptors in the DRN on aggressive behavior in mice. Activation of GABA B , but not GABA A , receptors in the DRN reliably escalates aggressive behaviors. Previous studies have consistently shown that GABA A agonists inhibit 5-HT neuron firing in the DRN and reduce 5-HT release and synthesis in the projection areas (Tao et al., 1996; Tao and Auerbach, 2000; Nishikawa and Scatton, 1985) , whereas the effect of GABA B receptor agonists on 5-HT neurons is more complex. The GABA B agonist baclofen increases 5-HT release during the light but decreases it in the dark (Tao et al., 1996; Abellán et al., 2000) . Also, local infusion of baclofen modulated 5-HT release bidirectionally in the DRN; low doses of baclofen increased 5-HT release in the DRN, whereas high doses of baclofen suppressed it (Abellán et al. 2000) . This bidirectional effect is probably attributable to activation of presynaptic versus postsynaptic GABA B receptors in the DRN (Serrats et al., 2003) . Presynaptic GABA B receptors have a higher sensitivity to low doses of baclofen than the postsynaptic GABA B receptors in the frontal cortex, hippocampus, ventral tegmental area (VTA), and DRN (Cruz et al., 2004; Howe et al., 1987; Abellán et al., 2000; Davies et al., 1990) . Previous studies of the VTA showed that the presynaptic GABA B receptors on GABA neurons had higher sensitivity than the postsynaptic GABA B receptors as a result of different coupling efficiency with the G-protein-coupled inwardly rectifying potassium (GIRK) channels mediated by Rgs2. A lower concentration of baclofen inhibits the GABA neurons and consequently disinhibits the postsynaptic dopamine neural activities, whereas a high concentration of baclofen inhibits the dopamine neurons through direct action (Labouèbe et al., 2007; Cruz et al., 2004) . The current data show that a moderate dose of baclofen (0.06 nmol) increased attack bites, but a higher dose (0.10 nmol) did not. It is possible that this inverted U-shaped dose effect of baclofen on aggressive behaviors corresponds to the bidirectional effect on 5-HT neuronal activity. Here, we did not observe any effect of GABA B antagonists on species-typical aggression. Although the systemic administration of GABA B receptor antagonist interacts with 5-HT system (Slattery et al., 2005) , the intra-raphé administration of GABA B antagonists had no effect on raphé and forebrain 5-HT (Tao et al., 1996) . Along with the result of the 8-OH-DPAT experiment, these results indicate that the change of 5-HT neuron activity is necessary to induce escalated aggression.
Presynaptic GABA B receptors as a target of baclofen-induced escalated aggression
In this study, a neuropharmacological approach identified which subpopulations of GABA B receptors, presynaptic or postsynaptic, are involved in the aggression-heightening effect of baclofen. Presynaptic GABA B receptor activation inhibits neurotransmitter release by suppressing Ca 2ϩ influx via voltage-activated Ca 2ϩ channels, whereas postsynaptic GABA B receptors are coupled mainly to inwardly rectifying K ϩ (GIRK) channels and inhibit 5-HT neurons in the DRN (Cryan and Kaupmann, 2005; Bowery et al., 2002) . In postsynaptic 5-HT neurons, both GABA B heteroreceptor and 5-HT 1A autoreceptor activate the same GIRK channels through the pertussis toxin-sensitive G-protein (Innis and Aghajanian, 1987; Innis et al., 1988; Williams et al., 1988; Costa et al., 2005; Cornelisse et al., 2007) . If postsynaptic GABA B receptors are involved in escalated aggression, activation of the 5-HT 1A receptor should also have an aggression-heightening effect similar to that of baclofen. Contrary to baclofen, local administration of 5-HT 1A receptor agonists into the DRN reduced aggressive behaviors in rats and mice (Mos et al., 1993; van der Vegt et al., 2003; Faccidomo et al., 2008) . Coadministration of a low dose of 8-OH-DPAT, a 5-HT 1A receptor agonist, together with baclofen did not further enhance, but rather prevented, the aggressionheightening effect of baclofen. Therefore, it is likely that the aggression-heightening effect does not depend on postsynaptic GABA B receptors. The bidirectional effect of baclofen on aggres- sive behaviors also suggests the presynaptic GABA B autoreceptors as a target for escalated aggression. Presynaptic GABA B receptors inhibit Ca 2ϩ current by inactivating voltagegated Ca 2ϩ channels of N type or P/Q type (Kamatchi and Ticku, 1990; Couve et al., 2000) . In this study, we focused on N-type Ca 2ϩ channels because of the reported involvement of this subtype on aggressive behaviors (Murakami et al., 2007; Kim et al., 2009) . In the present experiments, intra-DRN administration of the N-type Ca 2ϩ channel blocker -conotoxin GVIA escalated intermale aggression similarly to baclofen. Coadministration of a low dose of GVIA with a non-effective dose of baclofen into the DRN significantly increased attack bites relative to control. These data suggest a functional interaction between the presynaptic GABA B receptor and N-type Ca 2ϩ channel in the DRN to promote escalated aggression. We propose that the aggression-heightening effects of baclofen are mediated by the activation of the presynaptic GABA B receptors, which in turn inhibit N-type Ca 2ϩ channels to suppress neurotransmission from the presynaptic terminals in the DRN (Fig. 7) . In vivo microdialysis showed that intra-DRN baclofen increased the release of 5-HT in the medial prefrontal cortex. This suggests that the activation of the GABA B receptors on inhibitory neurons, possibly GABAergic, suppress the inhibitory neurotransmission on 5-HT, which may increase 5-HT release in cortical projection areas. GVIA (1 M) application into the DRN slices inhibited GABA-mediated IPSCs in 5-HT neurons and consequently disinhibited 5-HT neuronal activities (Kim et al. 2009 ). We hypothesize that GABA B receptors in GABA neurons, or on glutamatergic neurons that activate GABA neurons in the DRN, may be the target of baclofenescalated aggression.
5-HT in the medial prefrontal cortex and escalated aggression
The PFC has been implicated in behavioral inhibition and emotion regulation that is pertinent to impulsive aggression. In humans, increased antisocial behavior was associated with the functional reductions of some subareas of the PFC (Yang and Raine, 2009 ). It is not clear how the 5-HT projections to the PFC regulate cellular activity necessary for escalating aggression. We demonstrated that intra-DRN microinjection of an aggressionescalating dose of baclofen increased extracellular 5-HT level in the mPFC. Mice that increased aggressive behavior after repeated aggressive encounters show elevated 5-HT tissue level in the mPFC (Caramaschi et al., 2008) . Activation of 5-HT 1B receptors in the mPFC potentiated alcohol-heightened aggression in mice (Faccidomo et al., 2008) . In contrast, a reduced extracellular 5-HT level in the mPFC was observed during and after speciestypical aggressive behaviors in rats (van Erp and Miczek, 2000) .
The Amargó s- . Electric stimulation of the DRN inhibited most of the pyramidal neurons (66%) but also activated some neurons (13%) in the mPFC (Puig et al., 2005) . The higher release of 5-HT in the mPFC increased the magnitude of the inhibition and turned some excitation into inhibition (Puig et al., 2005; Gartside et al., 2000) . A certain amount of 5-HT can excite pyramidal neurons, but, in contrast, an excessive release of 5-HT inhibits the mPFC activity. In this study, intra-DRN baclofen microinjection nearly doubled 5-HT release in the mPFC. It is possible that the abundant 5-HT release by baclofen caused the inhibition of mPFC activity and consequently induced escalated aggressive behaviors.
DRN, MRN, and escalated aggression in mice
Activation of GABA receptors in the MRN did not escalate aggressive behaviors. Thus, 5-HT projections from the DRN and the MRN have different effects on aggressive behaviors. Both the DRN and MRN constitute the primary sources for 5-HT in forebrain structures, but these two nuclei also have differential projections areas in rats (Azmitia and Segal, 1978) . The MRN provides major 5-HT projections into medial septal nucleus and dorsal hippocampus, whereas the DRN projects to the dorsal striatum, ventral hippocampus, amygdala, nucleus accumbens, and cerebral cortex (Mokler et al., 2009 ). Lesions of the DRN, but not MRN, were sufficient to escalate some types of aggressive and defensive behaviors in rats (Jacobs and Cohen, 1976; Waldbillig, 1979) . Conversely, involvement of the MRN in aggressive behaviors was also suggested in the cat (Koprowska and Romaniuk, 1997) and female rats (De Almeida and Lucion, 1997) . It is now recognized that the role of 5-HT on aggressive behaviors may vary depending on brain regions and also types of aggressive behaviors (Mos et al., 1993; Faccidomo et al., 2008; Bannai et al., 2007; De Almeida and Lucion, 1997; Ferris et al., 1999; CologerClifford et al., 1997) . Our results indicate that the increased 5-HT release in the brain areas that receive the ascending projections from the DRN can promote the escalation of aggressive behavior.
In conclusion, our data point to GABA B receptors in the DRN as a new neurobiological target in the mechanisms mediating escalated aggression. The disinhibition of 5-HT projections from the DRN that are indirectly modulated by presynaptic GABA B receptors are involved in escalated aggression in male mice.
